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Abstract 

The performance of human operators was  invest igated for varied 

sys tem parameters. A practical performance index was  defined, and t h e  

relation between the  parameters and  the  performance index was  found 

for a range of values  of the parameters. Several  operators with different 

control experience were tes ted ,  and it was  found that  human control 

capabi l i ty  c a n  be  represented by a hyperbolic curve in  the  parameter 

plane of gain and  time constant. The resul t  may b e  used  in  the  design 

of man-machine sys tems that  ant ic ipate  some unusually difficult si tua- 

t ions which the  operator may b e  required to deal with. 



INTRODUCTION 

Several efforts have been made to determine the  transfer function 

of a human controller in  a linear system. 1-4 Such efforts u se  l inear 

transfer functions--for various inputs to the  system and for various 

controlled elements--to represent human controllers. Recently, efforts 

have been init iated t o  find the  time-varying character is t ics  of human 

controllers,  especial ly  the  adaptability of controllers to certain para- 
- 

meter changes of the  element to b e  controlled, ’ These recent efforts 

a r e  aimed at establishing more real is t ic  transfer character is t ics  for human 

operators,  in order to meet the demands of more stringent designs.  There 

have also been s tudies  of emergency conditions that may occur through 
6 failure of some part of the  system. 

In the present study, an entirely different approach has  been taken 

in  a n  attempt to evaluate the  performance of human controllers i n  a c losed  

loop system. Instead of finding the  transfer function of the  operator by 

the  data obtained from system input and output, a performance index is 

defined and the  relation between it and the  parameters of the  controlled 

element. 

va lues  of the  performance index , experimental relations between t h e s e  

quantit ies a re  obtained. 

possible ,  the  t a sk ,  the display, and the control maneuvers were made 

simple enough for untrained operators to comprehend and execute. 

operators were required to compensate for a n  error signal induced by a 

random input to the  system. 

By varying the  parameters and measuring the  corresponding 

In order to make  the resul ts  as  general as 

The 
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Despi te  the  individual differences in  the  operators ' performances, 

t he  constant-performance index curves obtained in  the  parameter plane 

of gain and  t i m e  constant  of t h e  controlled element a re  strikingly similar 

i n  shape.  This means that  there is some factor common to the  human 

operator which may be  measured and evaluated. 

operators reveals  definite differences among individual operators , the  

method considered here  may be used as a n  evaluation of control performance 

by a wider cri terion, and may also b e  used  to indicate  limitations for ma- 

ch ines  to b e  controlled by human operators,  

Since a comparison of 
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APPARATUS 

The block diagram of the control system is shown in Fig. 1. The 

controlled e l emen t  was  simulated by a n  analog computer. 

function of the  controlled element was  given the  following form: 

The transfer 

K 
S2(TS + 1) 

The  programming for this  simulator is given (1) 
i n  Fig. 2 

The reason for select ing t h e  third-order sys tem is t o  make the  system 

unstable  in  itself. If a n  element of the  second order were placed i n  

Fig. 1 as t h e  controlled element, the  sys tem would be  stable without 

any control effort. Direct connection of error s ignal  i n  Fig. 1 with the  

controlled element would give a s t ab le  operation. If t he  controlled ele- 

ment is of the  third order,  however, the  human operator has  to s tab i l ize  
' .  

the  sys tem,  and for th i s  h e  has t o  work as  a compensator rather than a 

simple amplifier. If t he  controlled system operates  in  a s tab le  manner, 

then the  operator is a compensating, lead element that  s tab i l izes  the 

system. It should be  possible to  determine jus t  what kind of compen- 

sa t ing  element t he  operator represents by using a performance index 

and  the  sys tem parameters T and K. 

In the  experimental setup,  the operator manipulates a control 

s t ick  similar to the  ones used in  small a i rplanes.  The maximum angle  

of the  s t i c k  is 30° from the  vertical  to  either the  right or left. The s t ick  

is sus ta ined  by a weak spring which exerts  a force of about 0 .5  lb/3Oo 

a t  t he  head of the s t ick.  

-4 -  
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Since  the movement of t h e  control s t ick  is limited as  described, 

we  may consider this  as a saturation element,  as  given in the  block 

diagram. The output of the  s t ick is linearly converted into a voltage 

s ignal  and  is applied t o  the  analog simulator of the  controlled element. 

The display of error is made by a cathode ray osci l loscope,  on 

which the  error s ignal  is represented by a ver t ical  l i ne  appearing on the  

screen.  

t he  reference l i ne  at t h e  center of t h e  scope ,  

is to keep  the  vertical  l ine  within given l i m i t s  a t  all t imes.  A random 

input s igna l  is applied to the  system as  described i n  t h e  following sect ion.  

The degree of error is shown by t h e  d is tance  of th i s  l ine  from 

The  function of t he  operator 
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EXPERIMENTAL PROCEDURE 

c 

The random signal  applied to the  control system was  approxi- 

mated by the  superposit ion of six s inusoidal  functions with different 

frequencies.  

i n  a magnetic tape  and was  fed into t h e  system at the  t i m e  of the  test 

run. The frequencies of the  composite s inusoidal  s igna ls  were 0 . 6 ,  1, 

1 . 5 ,  2 ,  2 .5  , and 4.2 radians per second. All were of the  same relat ive 

amplitude. The random signal is similar to some used  in  investigations 

by other methods. 

error of the  system exceed the l i m i t s  specif ied by  t h e  performance index. 

A sample record is given in  Fig. 23. 

The s ignal  , of about three minutes ' duration, was  stored 

The power level  was  chosen arbitrarily to make the  

The performance index w a s  chosen as  follows, Le t  t h e  duration 

t i m e  of a test b e  denoted by T as shown in Fig, 3a. 

chosen threshold of error be eo. If t he  summation of t i m e  intervals 

within which error s ignal  1.1 exceeds e 

a n c e  index p is defined to be 

L e t  an  arbitrarily 

is denoted by T ~ ,  t he  perform- 
0 

Obviously 0 ~p 5 1 ,  p = 0 means that  t h e  error is within the  

specif ied l i m i t s  2 eo, whereas p = 1 means that  t he  error is entirely 

outs ide the  l i m i t s  during the test period. Analytically, p can be  ex- 

pressed as follows: 
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Fig .  3a Performance Index  

F ig .  3 b  Vector Diagram For a T h i r d  

Order  System 
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or 

c 

i f  th.e error is s ta t i s t ica l ly  symmetrical. (See Fig. 3 . )  

This index is practical  because  it represents a n  important factor 

of the  performance and is nondimensional. 

t h i s  performance index to analytical  treatment; for the  present purpose, 

however, it se rves  as  a convenient measure of a n  operator 's  perform- 

ance .  The threshold eo was  taken to  represent about 10% of the  total  

width ( - + 10 Volts) of t h e  display osci l loscope.  

error is of large amplitude and the  system is in  a s t a t e  of hunting, an  

estimation of the  maximum error may be made by the experimental value 

p and the  definition of t h e  performance index. In such a case the  error 

may be  approximated by a s ine function, s a y  

E s i n  u t  . 

It may be  difficult to subject  

In the  case where 

Then, by the  definition of the performance index, 

sgn  (Esin wt - eo) dt (5) 

If w e  can  find the  value of p from the  record chart ,  w e  can  evaluate  the 

amplitude E ,  the  maximum value of error during the  hunting. 

s e e n  that  E is given by the  following equation: 

It is eas i ly  

e 

s in ;  pt 
0 E =  
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As previously mentioned, t he  transfer function of the  controlled 

element is given the  form 

(7 1 K 
S2 (TS + 1) 

For s m a l l  values  of T ,  th i s  is considered nearly equal to the  second 

order element 

K - 
S2 

For a larger value of T ,  the  function may b e  approximated by 

K 
TS 
- (9) 

The validity of t h e s e  approximations depends on the  frequencies , but 

t h e s e  serve  as  a n  observation of extreme cases. For a large value of 

T,  then, t he  gain of the  element is small. Therefore, as h a s  been ob- 

served in  some tests, it may be  eas ie r  to control a n  element with rather 

large t i m e  delay,  un less  K is a l s o  large. 

T ,  it is expected that  t h e  increase in  T and K both enhance the  difficulty 

of control, With t h e s e  predictions, T was  varied within the  range of 

For the  intermediate range of 

T = 0.1 - 0.6 

and K within the  range 

K = 0.5 e 8 

The values  of t h e  parameters given above make t h e  control of the  element 

difficult enough for t he  operators that  t he  test resul ts  give a variety of 

-10- 
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. 
values  of the  performance index. This also means that  t he  l i m i t  of 

controllability in  terms of the  parameters of t h e  element to be controlled 

lies somewhere within these  values,  i f  t he  transfer function of the  con- 

trolled element is as  given in  t h i s  experiment. 

Operators for this  test were chosen from three ca tegor ies .  The 

f i rs t ,  Group A (operators A1 and A2) , contains driver-pilots , persons with 

both l icensed flying and driving experience. The second,  Group B (opera- 

tors B 

The Third, Group C (operator C ) ,  is a non-driver. The a g e s  of the  opera- 

tors range from 20 to 40. 

and B 2 ) ,  cons i s t s  of persons with average driving experience,  1 

Each operator manipulated t h e  control s t ick  for more than one  

minute, attempting to keep  the error s ignal  within t h e  specif ied l i m i t s  

desp i te  t he  disturbance that  w a s  fed in. A s  a rule,  each  operator was  

given 25 different combinations of T and K ,  within the  range of the  para- 

meters mentioned earlier. 

The resul t  of t h e  t e s t  was  recorded on a paper chart and  the  per- 

formance index of each  test run w a s  measured on the  chart. 

w a s  measured for one  minute within t h e  ac tua l  test run period. 

Performance 
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EXPERIMENTAL RESULTS 

First ,  the  performance index p was  plotted against  K, for each 

va lue  of T. Samples of such  plottings a r e  given in Figs. 4 -  9. An 

approximate curve w a s  drawn for each  T, describing the  plottings on 

the  K-p plane. The curves for some cases do not quite intersect the  

experimental points,  which is not surprising considering that a human 

operator is involved in  the  experiment. However, t he  general trend is 

apparent and it shows t h e  obvious fact that t he  higher t he  K t he  more 

difficult  the  control. 

of p tends to level  off, which is again natural because  p can  never ex- 

ceed  unity. 

Curves a re  not necessar i ly  straight,  and t h e  va lue  

In the  same manner, for each  value of K ,  t he  performance index 

Here,  t h e  plotting is made from 

Samples of such curves 

is plotted aga ins t  T,  t h e  time constant.  

the  approximation curve drawn for K-p plottings. 

a r e  given in  Figs. 10-13. 

s t an t  appears  to make the  control more difficult. 

t h i s  is expected for a certain range of T. 

Obviously, t he  increasing T with K kept con- 

A s  mentioned earlier,  

Now, to see the  relative difficulty of control due to the  increase  

in  K and T, points of the  same performance index were plotted on T-K 

plane,  with p now as a parameter. 

shown in Figs. 14-16. 

The resul ts  for three operators a r e  

These may b e  considered as a measure of the  operators '  adapta- 

bil i ty to parameter changes of the  controlled element. 

of the  curve is nearly the  same for different operators. 

Note that t he  shape  

The comparison 
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of the  curves for three different operators is given in  Fig. 17. The 

nearer such  a curve to the  origin, t he  better performance the  operator 

h a s  for th i s  compensating t a s k .  Obviously, a driver-pilot produces a 

curve much nearer to the  origin than a n  ordinary driver or a non-driver. 

Within t h e  range o f  parameter values used in  the  present experiment, 

t he  increase  in  T and  K appears t o  give nearly equal difficulty in  the  

t a sk  of compensating error, because the curve is nearly symmetrical 

and  hyperbolic of the  form TK = cons t .  Depending upon t h e  performance 

index required of a system of this  type and the  operator, one should be 

able to determine the  design l i m i t  of the element to be controlled. 

-13- 



DISCUSSIONS 

Mathematically, instabil i ty corresponds t o  the  divergence of 

the  controlled variable. In the experiment, i t  is difficult t o  c a u s e  ac tua l  

divergence and to confirm it. Besides,  due to  t h e  nonlinear character- 

istics of t h e  control s t ick  and other elements,  the system.wil l  never be  

entirely divergent. 

eventually when the  control task  is "difficult. 'I In the experiment, there- 

fore,  only the  degree of stabil i ty can  be determined by a n  index such 

as tha t  used  in  t h e  present experiment. 

Hence, the state of hunting is what will occur 

Transfer functions for  the human operators have been obtained 

for varied conditions of controlled elements.  

where noise  is s m a l l  and system parameters a re  constant ,  t he  operator 

does not necessar i ly  operate l ike a l inear  element. One of the  operators 

of the  present experiment makes it a rule to  give the s t ick  frequent pulse  

motions of nearly the same magnitude and duration, changing its frequency 

according t o  the  s t a t e  of error, (See Fig. 18) For a swiftly varying error, 

the  same operator gives  a large constant  input to the s t i c k  depending on 

the  s ign of the  veloci ty  of error. 

a pulsed,  three-position, on-off control,  and the  la t ter  is similar t o  the  

same with veloci ty  input t o  the on-off e lement .  

However, even in  the  cases 

The former mode of control is similar to 

These examples show 

that  t h e  l inear t ransfer  function for t h e  human operator is only a n  equiva- 

len t  l inear  expression of a very nonlinear element. Some other samples 

of similar recordings a re  shown in Figs. 19 2 2 .  Figs. 18 and 19 compare 

the  control of two pilots.  Fig. 18 is by a n  amateur pilot where Fig. 19  

belongs t o  a professional pilot with 3000 hours '  flight experience.  It 

-14- 
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I .  

appears  tha t  the  professional pilot resembles  a l inear  controller. 

Figs. 20 and  2 1  show the  transition from s tab le  t o  unstable  operations 

by a s m a l l  change in  time constant,  

under control but not T = 0.3. Fig. 2 2  shows one by a nondriver. Here 

aga in  the  s t ick  motion resembles a n  on-off element. 

The operator c a n  keep T = 0 .2  

In the  present experiment, the identification of the  human 

operator is made indirectly,  in  terms of the  parameter values  of the  

element h e  controls.  In t h e  vector diagram, the  controlled element 

represents  one tha t  is unstable as  shown in  Fig. 3b. The fact that  the  

human controller keeps th i s  system from diverging means that he  pro- 

vides  some compensation t o  bring the  vector locus t o  circumvent the  

point -1 i f  he  is a l inear element, or he  is in effect a nonlinear element 

that  can  be given by an  amplitude locus crossing the  vector locus for 

t he  controlled element at some finite point. 

possible  t o  find a range of controlled element within which a human 

operator c a n  control the system with a reasonable  stabil i ty.  

In any event,  it should be 

Referring t o  t h e  controlled element used  in  the  experiment, t he  

modulus of the  transfer function can  be  more simply approximated i f  T o  

is either large or s m a l l  compared to unity as  previously noted. Since 

K 
G =  (1 + j T o )  -0 

t h e  modulus of t he  transfer function can  be approximated by 

1 K  
I G l  =3 T 

o 
i f  

and  

-15- 



K 
I G I  =;2 i f  

The  phase shift  for either c a s e  i s  given by 

-1 L G = tan (-TU) 

T < < 1  

Now, from E q .  (10) , the  gain constant for t he  case where T u > >  1 

decreases  as  the  time constant T is increased.  This a lone would 

generally m a k e  the controlled element more stable:  therefore, one 

might expect t ha t ,  depending upon the  specif ic  values  of the parameters , 

t h e  control of this  element will become eas ie r  when T is increased. 

However, there  is a l s o  a n  effect of phase sh i f t  according to  E q .  (12).  

Thus,  it is not readily apparent how t h e  overall  performance will  vary 

as T is increased.  

. 
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CONCLUSIONS 

An entirely different approach from previous investigations was  

attempted in the present experiment, Instead of determining t h e  trans- 

fer functions of the human operator in  a control system, the  relation 

between a performance index and the  parameters of t h e  controlled ele- 

ment was  sought. 

performance of operators c a n  be  represented in  t h e  parameter plane of 

t i m e  constant  and gain by a hyperbolic curve,  its d is tance  from t h e  

'origin showing the  control ability of the  operator and its general shape  

indicating the  operator 's  adaptability t o  the  variation of t h e  two para- 

meters,  

may find the  limitations on the element to be controlled. 

approach may be  applied also t o  the  controlled elements with different 

equations,  such as 

The resu l t s  of limited experiments show tha t  the 

If we  specify a n  allowable value of performance index, we  

The present 

K 
S (TIS + 1) (T2S + 1) 

If we  col lect  enough data on t h e s e  and  other cases, i t  would help in the  

design of man-controlled systems,  s ince  we then would know what para- 

meter l i m i t s  for the  elements to be  controlled would permit a reasonable 

degree of control. 

The effect of changing the nature of the  random noise ,  t h e  display 

device,  and the  manual control mode has  yet to be  studied, 

that  the  resul t  given in this report indicates  the  possibil i ty of such a n  

approach in the  design or prediction of performance of man-machine 

systems.  

It is hoped 
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